Abstract. While nutrient depletion scenarios have long shown that the high-latitude High Nutrient Low Chlorophyll (HNLC) regions are the most effective for sequestering atmospheric carbon dioxide, recent simulations with prognostic biogeochemical models have suggested that only a fraction of the potential drawdown can be realized. We use a global ocean biogeochemical general circulation model developed at GFDL and Princeton to examine this and related issues. We fertilize two patches in the North and Equatorial Pacific, and two additional patches in the Southern Ocean HNLC region north of the biogeochemical divide and in the Ross Sea south of the biogeochemical divide. We evaluate the simulations using observations from both artificial and natural iron fertilization experiments at nearby locations. We obtain by far the greatest response to iron fertilization at the Ross Sea site, where sea ice prevents escape of sequestered CO 2 during the wintertime, and the CO 2 removed from the surface ocean by the biological pump is carried into the deep ocean by the circulation. As a consequence, CO 2 remains sequestered on century time-scales and the efficiency of fertilization remains almost constant no matter how frequently iron is applied as long as it is confined to the growing season. The second most efficient site is in the Southern Ocean. The North Pacific site has lower initial nutrients and thus a lower efficiency. Fertilization of the Equatorial Pacific leads to an expansion of the suboxic zone and a striking increase in denitrification that causes a sharp reduction in overall surface biological export production and CO 2 uptake. The impacts on the oxygen distribution and surface biological export are less prominent at other sites, but nevertheless still a source of concern. The century time scale retention of iron in this model
Introduction
The hypothesized link between surface macronutrient concentrations and the air-sea balance of CO 2 has captured the interest of the scientific community ever since a reduction of surface nutrients in the Southern Ocean was first proposed independently by Knox and McElroy (1984) , Sarmiento and Toggweiler (1984) , and Siegenthaler and Wenk (1984) , as a mechanism to explain the observed reduction of atmospheric CO 2 during the ice ages. Building on these and other early box model studies by Joos et al. (1991) and Peng and Broecker (1991) , there have now been a wide range of ocean general circulation model simulations examining the link between macronutrient concentrations at the surface of the ocean and the atmosphere-ocean CO 2 balance (Sarmiento and Orr, 1991; Orr and Sarmiento, 1992; Kurz and MaierReimer, 1993; Archer et al., 2000; Matear and Elliott, 2004; Zeebe and Archer, 2005; Marinov et al., 2008; Gnanadesikan and Marinov, 2008) . Among the major findings from these large scale macronutrient manipulation simulations are an analysis of how the air-sea CO 2 balance is related to the fraction of total nutrients in the ocean that is remineralized versus preformed, and the demonstration from regional sensitivity studies that the greatest impact on the global inventory of remineralized nutrients and thus on atmospheric CO 2 occurs when nutrients are depleted in the Southern Ocean High Nutrient Low Chlorophyll (HNLC) region. As regards the second point, Table 1 shows a typical result from nutrient depletion simulations using the KVHISOUTH model from Gnanadesikan et al. (2002) , which demonstrates how after 100 years of nutrient depletion, the Southern Ocean response is about 9 times the average of the other three regions in the North Atlantic, the North Pacific, and the tropical ocean.
The Southern Ocean surface nutrient reduction hypothesis as an explanation for the ice age CO 2 reduction was given a further boost by the suggestion of Martin (1990) that relief of iron limitation by an increased flux of iron-bearing dust might have been the mechanism whereby the macronutrients were reduced during the ice ages. While the ideas about what caused the ice age CO 2 reduction have evolved, including a more recent emphasis on physical mechanisms (e.g., Sigman and Boyle, 2000; Anderson et al., 2009) , the evidence in support of the iron limitation hypothesis per se has grown over time based principally on a wide range of mesoscale iron manipulation experiments such as those described by Martin et al. (1994) , Coale et al. (1996) , Boyd et al. (2000 Boyd et al. ( , 2004 , Gervais et al. (2002) , Tsuda et al. (2003) , Coale et al. (2004) , and Hoffmann et al. (2006) (cf. reviews by de Baar et al., 2005; and Boyd et al., 2007) .
The critical importance of the underlying scientific issues regarding our understanding of the linked cycles of carbon, macronutrients, and iron in the ocean have been a strong impetus for continued interest in the hypothesized link between surface nutrient concentration and atmospheric CO 2 , and in the iron limitation hypothesis. An additional impetus for study of these hypotheses has been the geoengineering proposal first articulated by Martin et al. (1990a) and Martin et al. (1990b) to artificially fertilize the ocean with iron as a way of removing CO 2 from the atmosphere. Studies of this issue have centered primarily on determining: (1) the efficiency of the fertilization; (2) the verifiability of CO 2 removal from the atmosphere; and (3) the long term environmental consequences of the fertilization (cf. Chisholm et al., 2001; and Buesseler et al., 2008) . This paper is primarily about the underlying scientific issues regarding the efficiency of fertilization, but before proceeding, we note that the potential environmental consequences of extensive iron fertilization alone are sufficient to give serious pause to anyone seriously considering this as an option for CO 2 removal, as discussed by Chisholm et al. (2001) , Jin and Gruber (2003) , Schiermeier (2003) , Shepherd (2009), and Strong et al. (2009) among others. Moreover, the verifiability of CO 2 sequestration as analyzed by Gnanadesikan et al. (2003) would be extremely difficult. Despite such findings, the option of carbon mitigation by patch iron fertilization continues to draw interest and thus, if for no other reason, merits serious scientific scrutiny.
The overall efficiency of iron fertilization in removing CO 2 from the atmosphere is defined as the cumulative perturbation atmospheric CO 2 uptake CO 2 air−sea divided by the cumulative iron addition Table 1 . Results of regional iron fertilization simulations in which the effect of iron fertilization is assumed to be continuous for a period of 100 years. The total amount of carbon in the atmosphereocean system is preserved. In other words, as CO 2 is removed from the atmosphere, the CO 2 drops below its control value of 278 ppm, which permits CO 2 to escape from the ocean in regions that are not being fertilized. These simulations provide an upper limit for how much CO 2 could be removed by massive regional iron fertilization. Model drift is corrected for by subtracting a control simulation in which the total amount of carbon in the system is also fixed. Gnanadesikan et al. (2002) . Surface nutrient biogeochemistry is simulated in this model by restoring model predicted surface nutrients to observations except in the region of nutrient depletion where nutrients are forced to zero. The response of this model is typical of the response of a wide range of similar such models. b In this particular simulation, where we wanted to see what would happen if iron limitation were eliminated entirely, iron fertilization was simulated by turning off iron limitation in the specified region, which essentially amounted to adding an infinite amount of iron. Note that the control scenario of the model used in this study has too high nutrients in the tropics and too low in the Southern Ocean, which contributes to enhancing its response in the tropics and muting it in the Southern Ocean relative to KVHISOUTH, where nutrients are forced towards observations in the control scenario.
It is useful to further separate the overall response function into a physical-chemical efficiency, e phys−chem defined as the ratio of (cf. Jin et al., 2008) . The mesoscale iron enrichment experiments referred to earlier have shown that the drawdown in surface dissolved inorganic carbon (DIC) that results from a given iron addition occurs at an average ratio of R C:Fe DIC drawdown = 5600 mol C to mol Fe added (de Baar et al., 2005) . This is considerably smaller than the intracellular C:Fe ratios of ∼20 000 to 500 000 typically observed in laboratory experiments with oceanic phytoplankton as summarized by Fung et al. (2000) and Sunda (2001) , or than the mean C:Fe ratio of 200 000 proposed by Johnson et al. (1997) , which are the values typically used in estimating iron demand in geoengineering proposals for iron fertilization. This suggests that most of the iron that is being added to the ocean is not being utilized by phytoplankton, at least on the time-scale of the observations. Results from the iron manipulation experiments thus imply that the iron demand for a given CO 2 removal would be one to two orders of magnitude greater than estimates based on the laboratory measurements (cf. Buesseler and Boyd, 2003) . In addition to this problem, there has been only partial success in demonstrating that DIC uptake by iron fertilization actually results in carbon export from the surface ocean. The limited observational period of most experiments seems a likely reason for the failure to observe a significant export flux in many cases de Baar et al., 2005) . For example, in one of the few successful observations of particle fluxes, Bishop et al. (2004) used autonomous floats with optical measurements of the "carbon flux index" to show a large flux of particulate organic carbon at the SOFeX northern patch site beginning only 25 to 45 days after iron addition was initiated. Based on their measurements, Bishop et al. (2004) estimated a C export to Fe added ratio of R C:Fe iron utilization = 10 000 to 100 000, which is more in the range of what might be expected from the laboratory experiments.
The problems inherent in short term manipulation experiments have motivated a new series of observational studies at locations within HNLC regions where islands provide a local long-term source of iron. Such studies of natural iron fertilization at the Kerguelen plateau and Crozet Island in the Southern Ocean have detected a large excess particulate organic carbon export in iron fertilized regions relative to that in adjacent non-fertilized regions using the 234 Th deficit method. The ratio of the excess C export to Fe supply is estimated to be R C:Fe iron utilization = 53 000 across 100 m depth at Kerguelen at the time of observations . At Crozet Pollard et al. (2009) found that after the chlorophyll peak in the iron fertilized region and in the HNLC region, the mean daily rates of carbon export were similar. However, they calculated different bloom durations for each region by using 234 Th/opal ratios to close the silicate budget. The seasonal ratio of excess C export to Fe supply at Crozet was estimated to be 17 200 (5400-60 400) at 100 m and 8600 at 200 m. Estimates based on the seasonal DIC and Fe budgets at Kerguelen give a much higher seasonal mol C to mol Fe ratio of R C:Fe iron utilization = 668 000, though a recent revision by Chever et al. (2010) dropped this to 154 000. The reason for the large remaining difference between the Kerguelen and Crozet seasonal estimates of R C:Fe iron utilization is not understood (e.g., Pollard et al., 2009) .
Despite the large uncertainties, the natural iron fertilization studies and some of the iron manipulation studies have clearly demonstrated by now that iron fertilization of HNLC regions should eventually give rise to an increased particle export flux. What can we say about the physical-chemical efficiency e phys−chem , i.e., the extent to which the resulting reduction in surface DIC will actually remove CO 2 from the atmosphere? The short time span of the iron manipulation experiments is problematic for verification of the impact of iron fertilization on the air-sea balance of CO 2 . A typical airsea e-folding equilibration time for a 40 m mixed layer is of order 6 months (Sarmiento and Gruber, 2006) , as contrasted with the time scale of a few weeks of the experiments. Thus, the air-sea CO 2 flux estimated from the DIC deficit during the fertilization period is only a miniscule part of the carbon budget, an average of 8% of the DIC drawdown per de Baar et al. (2005) . The time scale of the natural iron fertilization studies is more suitable, though still not ideal. Estimates of air-sea CO 2 gas flux over a 75-day period during the Crozet Island experiment by Bakker et al. (2007) gave an average uptake of 700 ± 600 mmol m −2 inside the fertilized patch versus 240 ± 120 mmol m −2 outside the patch, for a net uptake of 460 ± 580 mmol m −2 due to the added iron. Pollard et al. (2009) give a particulate organic carbon (POC) export of 960 mmol m −2 in the patch versus 290 mmol m −2 outside, for a net of 670 mmol m −2 , with no uncertainty reported. The air-sea CO 2 uptake in the Crozet iron fertilized region thus gives a physical-chemical efficiency of e phys−chem ∼ 69%, but with quite a large uncertainty. At Kerguelen, we use the 90 day seasonal carbon flux estimates of Jouandet et al. (2008) of 5400 ± 1900 mmol m −2 inside the patch versus 1700 ± 400 mmol m −2 outside the patch, and air-sea flux of 28 ± 24 mmol m −2 d −1 inside the patch versus −2.7 ± 2.3 mmol m −2 d −1 outside the patch, ×90 days/2 following their approach to account for the whole season, to calculate e phys−chem = 37%, again with a very large uncertainty. However, even the 75 and 90 day time periods over which the air-sea flux was estimated in the natural fertilization studies is insufficient to catch the full equilibration time of the surface DIC perturbation. More importantly, although such studies very likely capture a substantial fraction of the immediate response to iron fertilization, there are other longer term processes that can modify the overall chemical-physical efficiency of the iron fertilization, such as the global backflux of CO 2 that results from reduction of atmospheric CO 2 (cf., Gnanadesikan et al., 2003) . Numerical models can play a crucial role in estimating the magnitude of such long-term feedbacks.
Until the addition of explicit representations of ecosystem processes and the iron cycle, the impact of iron fertilization on the air-sea CO 2 balance and global biogeochemistry had to be simulated using macronutrient manipulation studies such as those used in most of the model simulations discussed earlier. In these studies, the putative effects of iron fertilization are simulated by assuming that iron fertilization reduces surface nutrient concentrations by formation and export of organic matter, which also removes a corresponding amount of dissolved inorganic carbon with standard stoichiometric ratios. Because of the absence of ecosystem and iron cycle model components, macronutrient manipulation studies are unable to simulate the biogeochemical response function, R C:Fe iron utilization . The patch Equatorial Pacific macronutrient depletion simulation of Gnanadesikan et al. (2003) using a Martin et al. (1987) power law remineralization profile gave an extremely low e phys−chem of 2.0% for the 100 year response of a one-time, one-month nutrient depletion scenario. Identical simulations for 50 years at the northwest Pacific SEEDS site by Matsumoto (2006) gave e phys−chem ∼ 7% after 100 years. The difference between these two sites may be due in part to the mechanisms discussed by Jin et al. (2008) in their examination of e phys−chem , namely the effective depth from which the DIC is removed by the nutrient depletion, and the thickness of the mixed layer, with shallower DIC removal depths and thinner mixed layers at the time of fertilization giving a higher efficiency of CO 2 removal from the atmosphere. The depth of the remineralization is also an important factor in the response: if all the excess organic carbon exported from the surface of the ocean is allowed to sink to the ocean floor before being remineralized, the efficiency rises to ∼10% in the Equatorial Pacific and ∼12% in the northwest Pacific.
By contrast with the macronutrient depletion scenarios, Gnanadesikan et al. (2003) obtained an efficiency of 42% at their Equatorial Pacific site when macronutrients were added. In their discussion of their two sets of simulations, Gnanadesikan et al. (2003) suggest that the macronutrient depletion scenario is essentially simulating the effect of an iron fertilization where the iron is added and then lost at the end of the nutrient depletion event, whereas the macronutrient addition scenario is effectively an iron added and permanently retained scenario. Biogeochemical models including the iron cycle will likely fall somewhere between the two extremes of e phys−chem = 2% and 42%, as is the case with the scenarios discussed in this paper as well as the simulation study of Aumont and Bopp (2006) , who obtained an e phys−chem of 33% in their 100 year simulation of iron stress relief (cf. also the e phys−chem of 10-25% obtained by Zeebe and Archer, 2005 , albeit with a different simulation approach).
How are we to move forward in this "sea of uncertainty" (cf. Buesseler et al., 2008) where both field experiments and model simulations disagree with each other by one or more orders of magnitude in critical parameters such as the physical-chemical efficiency and biogeochemical response function, with only minimal understanding of why this is so? Clearly, a broad spectrum of experimental as well as modeling studies is required. As regards the models, ocean biogeochemical models with an explicit iron cycle as well as an ecosystem component, and which can therefore be used to examine both the biogeochemical response function R C:Fe iron utilization and the physical-chemical efficiency e phys−chem , have been in existence for several years now (e.g., Moore et al., 2002b; Aumont et al., 2003; Dutkiewicz et al., 2005; Tagliabue and Arrigo, 2006) . These models have been used to examine the effect of iron on biological productivity and the ocean nutrient distribution (e.g., Moore et al., 2002a; Aumont and Bopp, 2006; Tagliabue et al., 2008; Schneider et al., 2008; Moore and Doney, 2007) , as well as on the atmosphere in response to changes in dust delivery at present and during the ice ages (e.g., Bopp et al., 2003) . A major motivation for the study described in this paper is one such sensitivity study carried out by Dutkiewicz et al. (2006) . A surprising finding from the Dutkiewicz et al. (2006) study was that the highest uptake of atmospheric CO 2 occurred when iron was added in the equatorial Pacific HNLC region, with a much smaller uptake resulting from iron addition in the Southern Ocean HNLC region. This result differs dramatically from what we would have inferred from earlier macronutrient manipulation studies such as those of KVHISOUTH shown in Table 1 .
The disagreement between the Dutkiewicz et al. (2006) results and previous studies was the original motivation for the organization of an Iron Fertilization Model Intercomparison Project (IFMIP) with the main initial purpose to examine the sensitivity of the iron fertilization response to the basic structure of the biogeochemistry models. In related work, Jin et al. (2008) carried out a series of sensitivity studies examining how the physical-chemical efficiency e phys−chem is related to the mixed layer thickness and depth within the surface ocean at which the enhanced removal of nutrients and DIC occurs. Our study examines the processes that determine the physical-chemical efficiency e phys−chem , and the biogeochemical response function R C:Fe iron utilization .
Model description and evaluation
We describe here how the biogeochemical model and iron fertilization scenarios are set up, and we evaluate the control simulation and iron fertilization scenarios by comparing them with observations. The physical model is described in Appendix B.
Biogeochemical model
For ecology and biogeochemistry, we use an early generation of the GFDL TOPAZ model developed by Dunne et al. (2006) . The full set of model equations and tables of the constants that we used in our simulations are given in the Supplementary Material. The model has eight dissolved inorganic variables: nitrate, ammonium, phosphate, silicate, oxygen, iron, carbon, and alkalinity. Phytoplankton processes are simulated with 5 functional groups, three that are solved explicitly (small and large phytoplankton as well as diazotrophs) and two that are solved implicitly (diatoms as a function of large phytoplankton, and coccolithophorids as a function of small phytoplankton). Growth of phytoplankton is based on a comprehensive representation of multinutrient limitation of phytoplankton with variable N:P:Fe:Si:Chl stoichiometry and physiology. Grazing is modeled implicitly as described by Dunne et al. (2005) , as is particulate organic matter. Small and large phytoplankton are assumed to have an N:P of 16:1 while diazotrophs have an N:P of 50:1 after Letelier and Karl (1998) . Dissolved organic matter is modeled explicitly as consisting of a labile component with an N:P ratio of 16:1 and a lifetime of 3 months; and a semilabile component with separate N and P components with lifetimes of 18 years and 4 years, respectively (cf. Abell et al., 2000) . The model includes denitrification in both the water column when oxygen falls below 5 mmol m −3 , and in the sediments using the flux-based algorithm of Middelburg et al. (1996) . The cycling of all organic C components is based on that of organic N with a fixed C:N of 117:16. The model has two dissolved organic C pools corresponding to the two aforementioned labile and semi-labile dissolved organic matter components. Phytoplankton growth rate is equal to a temperaturedependent maximum growth rate, times a dimensionless nutrient limitation term with a value between 0 and 1, times an iron-light co-limitation term also with a value between 0 and 1. The nutrient limitation term is the minimum of nitrogen dependence, modeled as in Frost and Franzen (1992) as modified by Sharada et al. (2005) , or phosphorus or silicic acid dependence (for diatoms only), both modeled as Michaelis-Menten kinetics. Figures 1a to c show the geographic distribution of which macronutrient is limiting for each type of phytoplankton averaged over the three summer months for each hemisphere. The general pattern is one of nitrogen limitation in the subtropics for both small and large phytoplankton, and phosphorus limitation in the subtropics for diazotrophs. The Equatorial Pacific upwelling HNLC region and subpolar and polar HNLC regions of the North Pacific and Southern Ocean are generally replete (defined as ≥0.965) in P and N but limiting in Si for large phytoplankton (diatoms).
Iron and light limitation are simulated using a novel quotabased light-Fe colimitation approach developed by Dunne et al. (2006; see Supplementary Material) based on fitting the observations of Sunda and Huntsman (1997) . This approach allows "luxury uptake" of iron so that the plankton are very effective at taking up iron even when it does not result in an immediate increase in growth rate. The calculation of the growth rate is based on Geider et al. (1997) with the Fe:N ratio and light supply modulating the Chl:N ratio. The half saturation constant for iron uptake by small phytoplankton and diazotrophs is 0.1 µmol m −3 , and that for large phytoplankton is 0.3 µmol m −3 . The final value of the Fe contribution to the light-Fe colimitation term is shown in Fig. 1d to f. This is calculated for the three summer months in each hemisphere by taking the ratio of the light-Fe colimitation term and dividing it by the light-Fe colimitation term that one gets if iron is replete. The estimate of the Fe contribution to the light-Fe colimitation term is generally between 0 and 0.2 for large phytoplankton in the traditional HNLC regions, and very near 1 everywhere else except the North Atlantic, where it drops to the 0.8 range. Small phytoplankton have the same pattern, but with less limitation. Diazotrophs are iron limited almost everywhere except where iron supply by dust is high.
The cellular C:Fe mole ratio that results from the independent Fe and N cycles varies between 56 000 and 300 000 for large phytoplankton and 4000 to 30 000 for diazotrophs, with a global mean C:Fe ratio in exported organic matter of 148 500 mol C:mol Fe. These cellular ratios are well within the bounds of the observations discussed in Sect. 1 and references therein.
Dissolved iron is modeled as a single fully complexed pool. It is removed from the ocean not only by phytoplankton uptake, but also by second order adsorption onto any particle form including ballast and particulate organic matter. It is remineralized along with organic matter in the water column and sediments. The removal of iron by adsorption at the surface of the ocean has a time scale of 10 years or longer everywhere, with the consequence that phytoplankton uptake is the dominant loss mechanism. By contrast, adsorption is the main mechanism for removal of iron in the deep ocean, where the removal time scale ranges between 40 and 300 years at a depth of 2000 m. The aeolian flux of iron is that of Ginoux et al. (2001) , with 2% of the iron assumed to be soluble in seawater. The total annual iron input from the atmosphere is 3.31×10 9 mol yr −1 with an iron flux of 0.68×10 9 mol yr −1 from the sediments. The Supplementary Material shows the iron cycling equations and Table 3 .3 of the Supplementary Material summarizes all the parameters in the iron model and the observations on which they are based. The iron inventory in the model ocean after a 1000-year spin-up is 575×10 9 mol, giving a mean residence time of 144 years with respect to the combined dust and sediment inputs. This is within the bounds of previous estimates such as those discussed by Johnson et al. (1997) . Since iron added by fertilization is treated the same as the "natural" iron, this means that the iron added by iron fertilization will remain in the ocean for decades to centuries before being scavenged.
Figures 2a through c show a comparison of observed and model predicted annual mean phosphate at the surface of the ocean after a 1000-year spin-up prior to carrying out the iron fertilization simulations. The correlation and relative standard deviation of surface phosphate in the model compared with the observations are 0.87 and 0.70, respectively; the root mean square error is 0.46 mmol m −3 of phosphate. For phosphate in the ocean as a whole, the correlation is 0.86 and the relative standard deviation is 0.87, which is comparable to the three models discussed by Schneider et al. (2008) ; the root mean square error is 0.34 mmol m −3 . The model generally captures the spatial distribution of the high nutrient regions in the North and Equatorial Pacific and Southern Ocean, although it has too high phosphate in the tropics and subtropics and too low phosphate in the high latitudes of the North Pacific and Southern Ocean compared with the observations. The amount of carbon sequestered by iron fertilization is closely tied to the change in unutilized or preformed nutrients Marinov et al., 2008) . We thus expect that our model would tend to overpredict the response to iron fertilization in the tropics, and The left column shows which macronutrient is limiting small phytoplankton (top), large phytoplankton (middle), and diazotrophs (bottom). These results are the three month summer averages for each hemisphere calculated from the control simulation after a 1000 year spin-up. Replete is defined as minimum limitation ≥0.965. The right column shows the average summertime magnitude of the iron-light colimitation term divided by the magnitude of the iron-light co-limitation term when iron is assumed to be replete. In other words, it is a 0 to 1 measure of the iron contribution to iron-light colimitation.
under-predict the response to fertilization in the high latitudes relative to a model that is forced towards the observed nutrients.
Figures 2d through f compare the observed and modeled oxygen distribution at 300 m. We show this here because of the importance of denitrification for the response of the Equatorial Pacific to iron fertilization that we shall discuss later. The correlation and relative standard deviation of the model compared with the observations at this depth level are 0.88 and 1.18, respectively, with a root mean square error of 43.3 mmol m −3 . For the ocean as a whole, the correlation and relative standard deviation are 0.89 and 1.10, respectively, with a root mean square error of 56.0 mmol m −3 . In general, the model over-predicts the oxygen at 300 m, which might lead one to expect lower denitrification. However, the volume of water in the model with oxygen concentrations less than 10 mmol m −3 is in fact almost 7 times as great as the corresponding volume in the observations (27.2×10 15 m 3 versus 4.0×10 15 m 3 , respectively). This problem of too much suboxia is common to all the biogeochemical models we are familiar with, though we would also note that the data are also problematic at such low oxygen levels.
After the spin-up, a control simulation with no iron fertilization is carried out simultaneously with the four patch iron fertilization simulations described in the following section and whose names and locations are given in Table 2 with locations shown in The figures also show the location of the four iron fertilization sites discussed in the paper. P is the PAPA site, E is the Equatorial Pacific site, S is the Southern Ocean site, and R is the Ross Sea site (see Table 2 ). irradiance shown in Figs. 3a to d. At PAPA, the Equatorial Pacific site, and the subpolar Southern Ocean site, the KPP mixed layer depth varies seasonally but never goes deeper than 100 m. By contrast, the Ross Sea site has a KPP mixed layer depth of greater than 100 m for 6 months of the year. As with mixed layer depth, the light supply at the Equatorial Pacific site has very little seasonal variability. However, the seasonality in light gets progressively stronger as one goes from PAPA to the Southern Ocean site and Ross Sea site, where irradiance is below 5 W m −2 for 6 months a year. One would expect that adding iron to the ocean during the wintertime periods of deeper mixed layers and low light levels at PAPA, the South Pacific site, and, especially, the Ross Sea site, would be less efficient than at other times of the year. Indeed, this seasonality of the light supply and mixed layer depths is, we believe, one reason that Dutkiewicz et al. (2006) found a less efficient response to continuous iron addition in the high latitude Southern Ocean than in the Equatorial Pacific.
The mixed layer depth is crucial to determining the average irradiance level experienced by phytoplankton in the upper euphotic zone, and thus the response of the system to iron fertilization. Figure 4 shows a comparison of the model mixed layer depths with mixed layer depths determined from observations. The figure shows model mixed layer depths calculated two ways using: (1) a buoyancy criterion of 0.0003 m s −2 , and (2) the KPP mixed layer depth as defined in Appendix B and shown in Fig. 3 . Figure 4 shows that, except at the Ross Sea site, the buoyancy based model mixed layer depths are generally close to but always deeper than the KPP mixed layer depth. The greater depth of the buoyancy based mixed layer estimate is as expected given that the KPP mixed layer is based on the actual turbulent mixing and convective overturning specified by the model, whereas the buoyancy based mixed layer estimate reaches below the base of the actual layer of homogenized water. The much greater depth of the buoyancy based mixed layers than (Fig. 4c) , which means that the model will underestimate the effect of light limitation on phytoplankton growth at this site. Finally, we see at the Ross Sea site that the buoyancy based model mixed layer depth agrees with de Boyer Montégut et al. (2004) during the early months of the year, but then deepens a couple of months earlier than the observations and shallows a couple of months later than the observations (Fig. 4d) . However, there is much better agreement of the KPP mixed layer depth with the observational temperature based estimate, which suggests that the problem at the Ross Sea site is not so much that the mixed layer depth is incorrectly simulated as that the model is too weakly stratified.
In Figs. 3e to p, we show the time evolution of nitrate, iron, and chlorophyll at the four sites in the control simulation. We see from the nitrate and chlorophyll contour plots that all four locations fit the classical definition of an HNLC regime, with nitrate concentrations that never become depleted, and chlorophyll concentrations that drop precipitously after the spring bloom at a time when the nitrate concentrations, light supply, and mixed layer depth are all still ideal for phytoplankton growth. We note that PAPA and the Equatorial Pacific site drop to relatively low nitrate concentrations during the summertime nutrient minimum: 4.3 mmol m −3 and 3.7 mmol m −3 , respectively; as contrasted with the much higher summertime nutrient minima of 17.1 and 12.5 mmol m −3 at the South Pacific site and Ross Sea sites, respectively. All else being equal, we might expect a greater conversion of preformed to remineralized nutrients and thus a bigger response of the air-sea CO 2 balance to fertilization at the latter two sites (cf. Marinov et al., 2008; Gnanadesikan and Marinov, 2008) .
Iron fertilization simulations
The iron fertilization simulations are carried out at the end of a 1000-year spin-up of the biogeochemistry model at which time the global air-sea CO 2 flux is drifting at a rate of 0.08 Pg C yr −1 . The iron fertilization scenarios are based on the IFMIP protocol, which, in turn, is based to the greatest extent possible on the MIT adjoint model study of Dutkiewicz et al. (2006) . The adjoint model makes it possible to efficiently calculate the separate effect of iron fertilization on a grid point by grid point basis for every single surface grid point in the model. However, this option was not available to other IFMIP participants and so we chose to do patch fertilization at the four representative locations given in Table 2 and illustrated in Fig. 2 . These sites are all in the Pacific Ocean and span the three major HNLC regions of the North and Equatorial Pacific and Southern Ocean. Motivated by the Southern Ocean biogeochemical divide described by Marinov et al. (2006) , to the north of which nutrient depletion affects primarily the global biological export production, and to the south of which nutrient depletion affects primarily the air-sea balance of carbon dioxide, we chose two sites in the South Pacific: the subpolar region of the Southern Ocean north of the divide, and the polar Ross Sea region south of the divide.
The size of the iron patches for each IFMIP model was supposed to be as close as possible to the size of the cell area of the MIT grid location closest to the patch. However, in our model simulations, we chose to fertilize an integral number of grid cells that would make the area of each of our four fertilization sites as close as possible to each other so that the total amount of iron added in each case would be approximately the same (see columns 3 and 4 of Table 2 ). Following Dutkiewicz et al. (2006) , bioavailable iron is added to the ocean continuously at a rate of 0.02 mmol m −2 yr −1 , which was chosen by them as representative of the background aeolian flux in their model, which ranges from a low of 0.001 to 0.5 mmol m −2 yr −1 . The original IFMIP specification was that simulations were to be carried out for 10 years, but we show here results of simulations that have been carried out for 100 years.
We performed additional sensitivity studies using the same IFMIP bioavailable iron input of 0.02 mmol m −2 yr −1 . The principal ones we use in our discussion below are: (1) a one month one time fertilization, which is the time scale used by Gnanadesikan et al. (2003) ; (2) fertilization for one month per year for 10 years (10x as much iron as case (1)); (3) fertilization for one month per year for 100 years (100x as much iron as case (1)); and (4) continuous fertilization for 100 years as in Dutkiewicz et al. (2006) (1200x as much iron as case (1)). In what follows, we shall refer to these four scenarios as the 1x, 10x, 100x, and 1200x cases, respectively. In the one month and one month per year simulations, the month of iron addition was chosen to be immediately after the spring bloom when the iron concentration drops below the 0.01 µmol m −3 contour (see Fig. 3i to l and column 6 of Table 2 ). With four different fertilization locations, this represents a total of 4×4 = 16 separate simulations.
The four sites selected for this study were chosen because they are located in HNLC regions, and because of their proximity to the sites of actual in situ iron fertilization experiments (Table 3) . A distinct difference between the model iron addition simulations and the actual in situ iron fertilization experiments is the timescale and rate of deployment of the iron. In the 1x model simulations described in this paper, iron was added continuously for one month, whereas during in situ experiments iron was added over one to four patches, each lasting ∼24 hr and spread out over a period of up to a few weeks. The difference in the amount of iron added is also notable: ∼90 g km −2 over a month in the 1x model simulations, versus an initial ∼24 hr deployment of iron in in situ patches of between 1400 and 5900 g km −2 (Table 3 ). In order to be able to better compare the model simulations with the in situ iron addition experiments, we carried out an additional series of one month (1x) iron fertilization simulations with flux multiples of 5x (1x-5), 10x (1x-10) and 100x (1x-100) times the original flux of ∼90 g km −2 , which give cumulative iron additions of ∼500 g km −2 , 900 g km −2 and 9000 g km −2 , respectively, thereby spanning the actual in situ iron addition experiments. Furthermore, in order to compare our southern ocean site simulations with results from the continuous natural iron fertilization studies at Kerguelen and Crozet (Pollard et al., 2009 ), we ran a further set of flux multiples of the continuous iron fertilization 1200x scenario, which we refer to as 1200x-5, 1200x-10, and 1200x-100 in the last column of Table 3 .
The gross biological response of model iron additions averaged over the month of iron addition compares well with in situ iron addition experiments. In general in situ experiments have resulted in about a 10-fold increase in chlorophyll concentration, a 2-fold increase in Chl:C and a community shift from small to large phytoplankton (Table 3 ). The PAPA model location of 50 • N 145 • W, and fertilization month of May was near the 2002 SERIES (50 • N 144 • W, July) in situ iron addition . The PAPA 1x-10 and 1x-100 model simulations obtained chlorophyll concentrations of 2.2-5.2 mg m −3 , Chl:C ratio increases from 0.008 to between 0.015 and 0.019 g:g, and a community composition shift from 15% large phytoplankton to between 50 and 76% large phytoplankton (Table 3 ). The nearby SERIES iron addition experiment had a similar response, with maximum chlorophyll concentrations of 6.3 mg m −3 , a doubling of the Chl:C ratio in small phytoplankton from 0.004 to 0.008 g:g, a 4-fold increase of the Chl:C ratio in large phytoplankton from 0.005 to 0.024 g:g, and a floristic shift of large phytoplankton from 26% to 86% (Table 3 ; Boyd et al., 2005; n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a (Landry, 2002) , SOFeX North (Lance et al., 2007) and SOFeX South (Coale et al., 2004) reported maximum chlorophyll concentrations of 3.3, 2.1 and 3.8 mg m −3 , respectively (Table 3) .
There have been very few in situ measurements of carbon export associated with iron addition and they are limited to the Southern Ocean. Bishop et al. (2004) estimated an R C;Fe iron utilization of between 10 000 and 100 000 mol C:mol Fe for the SOFeX North experiment (Coale et al., 2004) . At the Southern Ocean site, which is the most physically similar to the SOFeX study, the 1x, 1x-5, 1x-10 and 1x-100 model simulations predict an R C;Fe iron utilization of between 168 000 and 110 000 mol C:mol Fe (Table 3) , which is higher than the observational estimate. Poleward of the Southern Boundary of the Antarctic Circumpolar Current, in an environment similar to that of our Ross Sea site, Buesseler et al. (2004) estimated R C;Fe iron utilization = 6600 mol C:mol Fe in the SOFeX South experiment (Coale et al., 2004) . The Ross Sea 1x model suite gives a much higher R C;Fe iron utilization of between 42 800 and 171 000 mol C:mol Fe. The spatial and temporal time scales may play an important role in explaining the bias towards high R C;Fe iron utilization in the model simulations. In situ observational estimates were made from carbon export measurements below the highly dynamic patch during the enrichment and assuming no loss in iron, whereas the model based estimates integrate all the carbon export over the whole ocean for the entire month of iron addition.
Observations at the natural fertilization Kerguelen Plateau (KEOPS) and Crozet studies were also used to estimate R Based on the iron supply, the simulations to which these seasonal results are most appropriately compared are the continuous iron fertilization 1200x, 1200x-5, and 1200x-10 cases: the KEOPS short-term estimate has a diurnal iron flux most like that of 1200x-5; the seasonal KEOPS estimate of the iron flux divided by the 90 day duration of the bloom in the +Fe area gives a mean iron delivery of 5.5 × 10 −5 mmol m −2 d −1 ,which is comparable to our 1200x simulation; whereas the Crozet seasonal flux divided by the 61 day duration of the bloom in that region gives a mean iron delivery of 6.5×10 −4 mmol m −2 d −1 , which is comparable to our 1200x-10 simulation. The simulation results shown in Table 3 are the average for the month of January during the middle of the bloom. The models predict an R C;Fe iron utilization of between 429 000 in the 1200x simulation, and 179 000 in the 1200x-10 simulation. The model simulations tend to be higher than, but arguably in reasonable agreement with the KEOPS results, given the uncertainties, but are much higher than the Crozet results. The bias towards higher R C;Fe iron utilization in model simulations than in the observational estimates is consistent with a possible undersampling of carbon export in the observational estimates, as suggested earlier for the iron fertilization experiments.
While there are no in situ biogeochemical response functions in the North and Equatorial Pacific to compare the models to, it is noteworthy that the 4 model regions had similar biogeochemical response functions in the 1x runs, ranging between 201 000 mol C:mol Fe at PAPA and 165 000 mol C:mol Fe at Eqpac. In all regions, additional Fe (1x-5, 1x-10, and 1x-100) resulted in lower biogeochemical response functions. The most precipitous drop occurred at PAPA and Ross Sea (a 4-fold drop between the 1x and 1x-100 model runs), while the EqPac and Southern Ocean regions declined more modestly.
Results
We discuss first the perturbation export production, then the nitrate, iron, and oxygen redistribution resulting from iron fertilization, and finally the perturbation air-sea CO 2 flux.
Response of export production
The initial response of the annual particulate carbon export (POC plus CaCO 3 ) to iron fertilization is very rapid in this model (Figs. 5a to d) , with the peak export in the 1 month per year fertilization scenarios (1x, 10x, and 100x) occurring during the month of fertilization, then dropping back to near zero after 2 to 3 months. Except at the Equatorial Pacific site, the annual carbon export production continues to grow modestly from one year to the next as more iron is added in the 10x, 100x, and 1200x cases until it saturates on a time scale of a few decades in the 100x and 1200x cases (Figs. 5f to h). When fertilization is terminated in the 1x and 10x cases, the perturbation export production plunges almost instantaneously back to near zero. The behavior at the Equatorial Pacific site is atypical because of a major loss of nitrate by denitrification, as discussed in Sect. 3.2.
As one would expect from the relatively constant annual export production during the fertilization period in Figs. 5f to h, the cumulative total carbon export results in Figs. 5j to l show an almost linear increase with fertilization time at all sites (again with the exception of the Equatorial Pacific). Furthermore, the linear scaling with amount of iron added works reasonably well even after the fertilization is terminated, with the 1x and 10x cases showing roughly 1/100th and 1/10th of the cumulative export production in the 100x case, and the Fig. 5i to l are scaled according to the total amount of iron added.) Aside from the Equatorial Pacific, the one significant exception to this scaling is the huge drop in the cumulative Ross Sea response to iron fertilization in the 1200x case versus the 100x case. This drop is due to the highly unfavorable wintertime mixed layer and irradiance conditions (see Fig. 3d ) which results in Ross Sea biological production shutting down completely for 5 months from June to October (Fig. 3p) . Iron added during this period in the 1200x case is swept out of the surface into the deep ocean without influencing the export production (see Sect. 3.2).
Response of iron, nitrate, and oxygen distributions
We show in Fig. 6 an analysis at year 100 of the impact of the 1200x iron fertilization simulation on the horizontally integrated vertical iron, nitrate, oxygen, and DIC distributions, and in Fig. 7 , the impact of the 1200x simulation on the vertically integrated horizontal distributions of nitrate and oxygen. As might be expected, Fig. 6 shows that the addition of iron increases the iron inventory at all locations, that the enhanced removal of nutrients from the surface ocean causes a downward displacement of the perturbation nitrate distribution (reduced in the upper ocean and increased at depth), and that there is an overall reduction in the oxygen inventory (except right near the surface due to photosynthetic production of oxygen at the Equatorial Pacific site).
Comparison of Figs. 6 and 7 shows that the nitrate surplus is largely a deep ocean phenomenon confined to the vicinity of the four sites, whereas the nitrate deficit is largely an upper ocean phenomenon with a widespread distribution. As a consequence of the widespread upper ocean nitrate reduction, the cumulative perturbation export production away from the fertilization sites is generally reduced in the subtropical gyre regions, which are already nitrate-limited in the control scenario ( Fig. 7i-l) , but have adequate light and iron (Fig. 1) such that the additional iron has no impact (cf. Gnanadesikan et al., 2003) .
At year 100, the oxygen deficit in the fertilization scenarios is still largely confined to the vicinity of the four sites, which means the north Pacific for PAPA, the eastern tropical Pacific for the equatorial Pacific site, and the circumpolar region for the Southern Ocean and Ross Sea sites, though with some influence on northward flowing bottom waters in the Ross Sea case. In the particular case of the Equatorial Pacific, the reduction in oxygen is concentrated in the vast region of suboxia (defined as O 2 <10 mmol m −3 ) of the eastern tropical Pacific shown in Fig. 2e . Reduced oxygen due to fertilization at this site thus causes an expansion of the suboxic zone and an increase in the water column loss of Fig. 7 . Perturbation maps of the 1200x iron fertilization scenarios at year 100. The first column, (a-d), shows the nitrate concentration perturbation in mmol m −2 integrated vertically from 98 m depth to the bottom; the second column, (e-h), is the oxygen concentration perturbation in mol m −2 integrated vertically from 98 m depth to the bottom; and the third column, (i-l), is cumulative export production across 98 m integrated over the 100 years of the simulation in mmol m −2 . The first row of results is for PAPA, the second for the equatorial Pacific, the third for the Southern Ocean and the bottom row is the Ross Sea. nitrate by denitrification (which in this model is turned on when oxygen is <5 mmol m −3 ). The cumulative 100 year nitrogen budget given in Table 4 shows that denitrification resulting from iron fertilization at the Equatorial Pacific site totals almost 5 Tg of N over 100 years. The large cumulative N 2 fixation of ∼1 Tg N resulting from iron fertilization at this site is too small to counterbalance the denitrification, and the cumulative loss of fixed nitrogen (mostly in the form of nitrate) comes to almost 4 Tg N over the 100 year period. This overall response of enhanced denitrification exceeding enhancement of nitrogen fixation is unexpected. It goes in the opposite direction from the feedback found by Moore and Doney (2007) in their model study, which showed an increase in the marine fixed nitrogen inventory, albeit with global iron stress relief. The influence of iron fertilization on the nitrate inventory at the other three sites is more modest. All three show a slight increase of oxygen in the eastern tropical Pacific, and a corresponding decrease in water column denitrification. The change in sedimentary denitrification is very small at all sites except the Ross Sea where the increased productivity coupled together with the shallow depth of this location (545 m, see Table 2 ), which means that a higher fraction of the exported organic matter reaches the sediments than at other sties, result in a fairly large increase in sedimentary denitrification. All three also show an increase of surface N 2 fixation. Overall, PAPA and the Southern Ocean show a small increase in the nitrate inventory, while the Ross Sea is almost neutral due to the increase in sediment denitrification.
Response of air-sea CO 2 flux
In this section, we follow the IFMIP protocols in showing only simulations with a fixed atmospheric CO 2 at a preindustrial partial pressure of 278 µatm. In Sect. 4.2.1, we describe sensitivity studies that show how the results change when the atmospheric reservoir of CO 2 is allowed to drop as iron fertilization removes CO 2 (cf. Gnanadesikan et al., 2003) . A comparison of the air-sea fluxes from the 1x simulations in Fig. 8a with the export production in Fig. 5a shows that the peak in the air-sea flux occurs about a month after the peak in the export production. The CO 2 uptake pulse extends over about 3 months at the Ross Sea site, 9 months at the PAPA and Southern Ocean sites, and 15 months at the Equatorial Pacific site. The Equatorial Pacific site best reflects the time scale of air-sea equilibration in a somewhat more stable situation where the DIC deficit generated by the iron fertilization lasts year around, whereas, as we shall show below, the other sites are more strongly influenced by seasonality, with the DIC deficit generated by the export pulse becoming extremely small in the wintertime. In particular, the surface DIC concentration at the Ross Sea site returns to its control wintertime value for 5 months of the year and only departs from it significantly for 3 to 4 months of the year.
A major feature of the annual perturbation atmospheric CO 2 uptake shown in Fig. 8e to h is that the CO 2 uptake by the ocean plummets into the negative range as soon as iron fertilization ends in the 1x and 10x scenarios, and that, unlike the export production, it drops lower and lower over time as the fertilization is continued over 100 years in the 100x and 1200x cases. The one exception to this behavior is the Ross Sea site which drops to zero but does not become negative in the 1x and 10x cases, and which remains nearly constant over time in the 100x and 1200x cases. The rebound effect of CO 2 escaping back to the atmosphere upon cessation of fertilization that we find in the 1x and 10x cases at all the sites except the Ross Sea has been demonstrated in many of the nutrient depletion scenarios (e.g., Sarmiento and Orr, 1991) , and was also found in the ecosystem/model simulation of Aumont and Bopp (2006) . However, cessation of fertilization in nutrient depletion scenarios occurs by immediately allowing restoration of surface nutrients back to their normal control values, and is thus likely to exaggerate the return flux of sequestered CO 2 ; and the model of Aumont and Bopp (2006) has an interactive atmosphere and would therefore have a significant contribution to the return flux due to lowered CO 2 in the atmosphere. Here we find that the rebound effect occurs even with fixed atmospheric CO 2 in our 1x and 10x simulations ( Fig. 8e and f) . Furthermore, even the continued addition of iron in the 100x and 1200x cases is not able to prevent the annual uptake of CO 2 from the atmosphere from dropping over time (with the exception of the Ross Sea site; Figs. 8g and h) despite the fact that the magnitude of the export production remains high (except at the Equatorial Pacific site; Fig. 5g and h ). This drop off has a major negative impact on the efficiency of iron fertilization, as we shall see in Sect. 4.1, where we will also discuss why the Ross Sea site behaves so differently from the other sites.
Another interesting result in the 1x, 10x, and 100x atmospheric CO 2 uptake scenarios is that the cumulative Ross Sea site uptake is much greater than the Southern Ocean uptake (Fig. 8i to k and Table 5a ) despite the perturbation export production of these two being virtually identical in the 10x and 100x simulations and very similar in the 1x case (Fig. 5i to  k) . The reason for this will be discussed in Sect. 4.1. The relative behavior of the Ross Sea and Southern Ocean sites reverses in the 1200x scenario due to the previously discussed wintertime shut down at the Ross Sea site.
Discussion
We begin with a discussion of the efficiency of iron fertilization (the cumulative atmospheric CO 2 uptake divided by the cumulative iron addition as in Eq. 1) and the processes that determine it, followed by a discussion of the sensitivity studies that we carried out. air−sea ; (e-h), annual uptake of CO 2 from the atmosphere for 100 years, F CO 2 air−sea ; (i-l), cumulative CO 2 uptake from the atmosphere, CO 2 air−sea . The first row of results is for the 1x scenarios, the second for the 10x scenarios, the third for the 100x scenarios, and the bottom row is for the 1200x scenarios. Figure 9 shows the overall fertilization efficiency and its components that we defined in Eq. (1) and (2). From Fig. 9a to c and Table 5b , we see that by far the most efficient fertilization site is the Ross Sea, except in the 1200x case, where the Southern Ocean site becomes dominant. The Ross Sea in particular has a very high CO 2 uptake to iron fertilization mole ratio of 150 000 to 188 000 for the 1x, 10x, and 100x simulations for the entire period of the fertilization. This is very similar to the efficiencies obtained by Arrigo and Tagliabue (2005) in their much higher resolution regional model of the Ross Sea, although the comparison must be made with care since they calculated their efficiency over a local area (their Box A), whereas we calculated ours over the entire world. The Ross Sea efficiency plunges well below the other sites for the first ∼50 years of the 1200x continuous fertilization scenario due to the ineffectiveness of iron fertilization during the polar winter. Next in efficiency is the Southern Ocean, which is about half as efficient as the Ross Sea in the 100x case and less than that in the 1x and 10x cases, but exceeds the Ross Sea in the 1200x case. Both PAPA and the Equatorial Pacific site are by far the least efficient, with C:Fe ratios that are about half of the Southern Ocean site for the 10x, 100x, and 1200x scenarios. Because the efficiency in the 1x scenario for all four sites is extremely noisy due to the small size of the iron fertilization perturbation relative to the background variability in this scenario, it has not been included in Fig. 9 . Figures 9d to i show the results of this analysis for the 10x, 100x, and 1200x simulations. The first result we draw attention to is that e phys−chem goes above 1 during approximately the first decade at the PAPA, Equatorial Pacific, and Southern Ocean sites (Fig. 9d to f) . These high values of e phys−chem during the first decade are due to an early accumulation of dissolved organic carbon (DOC), after which it levels off. The accumulation of DOC results in a removal of CO 2 from the atmosphere that is not matched by a corresponding export of POC and CaCO 3 . The accumulation of DOC also causes a reduction of R C:Fe iron addition over the first decade (Fig. 9g to i) .
Efficiency of fertilization
The second result we draw attention to is that the biogeochemical response function in Fig. 9g to i is quite different at the Equatorial Pacific site than at any of the others. The Equatorial Pacific site has less nitrate in the control scenario to start with (see Fig. 3f) , and in addition, as discussed in Sect. 3.2, there is loss of nitrate by denitrification due to an increase in the volume of suboxic waters. The nitrate loss due to fertilization at the Equatorial Pacific site already begins to lower the biological export production within one to two decades after the initiation of fertilization (see Fig. 5 ), and is the principal reason that the Equatorial Pacific site has such a low efficiency in the 10x, and 100x cases shown in Fig. 9a and b. The only reason that the Equatorial Pacific site has a higher efficiency than PAPA and the Ross Sea for the first several decades of the continuous fertilization 1200x case of Fig. 9c is because of the reduced effectiveness of the iron addition at PAPA and the Ross Sea during the wintertime. The anomalous decrease of the perturbation carbon export also causes the physical-chemical response function shown in Fig. 9d to f, to sweep upwards after first decreasing like the other fertilization sites. This behavior is due to the unusual biological response, namely denitrification, and not to the biological, physical, and chemical processes we are trying to diagnose with the physical-chemical response function. We thus will not comment any further on the Equatorial Pacific site results in Fig. 9 .
Turning to the other three sites, we see first that the Ross Sea and Southern Ocean are similar to each other in terms of the biogeochemical response function (Fig. 9g and h) , except when the fertilization is extended to include the Austral winter in the 1200x case (Fig. 9i) . In this latter case the wintertime deep mixing and lack of light in the Ross Sea (Fig. 3) causes its biogeochemical response function to plummet to the bottom of the group. Where the Ross Sea clearly stands out above the Southern Ocean (as well as PAPA) is in its high physical-chemical response function (Fig. 9d to f) . One reason it has such a high physical-chemical response function is that the Ross Sea site is covered by seasonal ice, which prevents sequestered CO 2 from escaping during the wintertime. A 10x simulation in which sea ice was allowed to be completely porous to gas fluxes shows a loss of CO 2 in winter (Fig. 10a) , a rebound loss of excess CO 2 from the ocean when iron fertilization is terminated after 10 years (Fig. 10b) , a lower cumulative CO 2 uptake overall (Fig. 10c) , and a reduced physical-chemical efficiency (Fig. 10e) . However, even with porous ice, the Ross Sea site still has a higher physical-chemical efficiency than the Southern Ocean and PAPA sites, which we believe is due mostly to the fact that the excess DIC is stored primarily in the inaccessible deep and bottom waters of the ocean (Fig. 6p) rather than in the thermocline and intermediate waters as at the other sites (Fig. 6m to o) . The Ross Sea site has a bottom depth of 545 m in the model, so it is not the depth of remineralization that is putting the DIC excess in to the deep and bottom waters, but rather the lateral transport of water from the Ross Sea site down into the abyss. The excess DIC is reflected in reduced O 2 (Fig. 6l) and we see in Fig. 7h that the oxygen deficit in the deep and bottom waters is carried towards the east in the circumpolar region and towards the north into the Pacific. We also considered whether the shallower summertime mixed layer and euphotic zone of the Ross Sea site (Fig. 3d ) might play a role as suggested by the Jin et al. (2008) sensitivity studies, which showed that the physical-chemical response function depends on the depth at which the enhanced formation of organic matter occurs in response to iron addition. However, while there may be some contribution from this mechanism, the fact that the physical-chemical efficiency is lower at the Ross Sea site than at the other sites during the first decade and longer (Fig. 9d to f) does not support this interpretation.
By contrast with the Ross Sea, the Southern Ocean and PAPA sites have similar physical-chemical response functions (Fig. 9d to f) . The reason that the Southern Ocean has much higher iron fertilization efficiency than PAPA is because of the biogeochemical response function, which is far greater at the Southern Ocean site than at PAPA (Fig. 9g to i) due to the higher initial nutrient concentrations at this location (Fig. 3) . 
Model sensitivity studies
Four sets of model sensitivity studies were carried out as part of our study.
Coupling to an atmospheric reservoir
The IFMIP protocol specified a fixed atmospheric CO 2 concentration following the design of the original study by Dutkiewicz et al. (2006) . However, we expect that as CO 2 is removed from the atmosphere by iron fertilization, this will lead to a reversal in the global air-sea CO 2 gradient relative to what it would have been without the CO 2 removal. Much of the CO 2 taken up locally in the iron fertilization region will thus escape back to the atmosphere in the rest of the ocean, as demonstrated by Gnanadesikan et al. (2003) (cf. also Oschlies, 2009 ). In order to examine the magnitude of this feedback, we carried out a set of sensitivity studies in which the 1200x simulations were repeated but in an ocean model that was coupled to an atmospheric reservoir. The CO 2 in the atmospheric reservoir was fixed at 278 ppm in the model spin-up, and then allowed to vary in both the control and iron fertilization simulations for the period of the iron fertilization. We leave for future simulations the inclusion of secondary effects that will also impact the iron fertilization efficiency, including a more realistic atmospheric CO 2 trajectory driven by fossil fuel CO 2 emissions and terrestrial sources and sinks (cf. Joos et al., 1991; and Oschlies, 2009) as well as the impact of climate on the terrestrial and oceanic sources and sinks. Figure 11a and Table 6 show that including a variable atmosphere allows 20% of the CO 2 taken up in the fixed atmosphere 1200x simulation to escape after only 10 years, and ∼50% after 100 years. The 100x fertilization is very similar, but for the shorter-term 1x and 10x cases, the reduction of CO 2 uptake is more drastic, getting as high as 76% after 100 years in the PAPA 1x case. This is clearly a major effect that cannot be ignored in model simulations. Note from Fig. 11b that the biogeochemical response function is identical to that of the 1200x simulation with a fixed atmosphere, as would be expected.
Iron retention
A 1200x simulation was carried out in which the added iron was assumed to be scavenged from the ocean permanently once it is taken up by biology. We refer to this as the "iron added and removed" simulation. Our intention was to examine the explanation of Gnanadesikan et al. (2003) for the ratio of ∼1:20 in CO 2 uptake efficiency (2% versus 42%) between the simulations that they characterized as behaving like an iron added and removed scenario, and those they characterized as behaving essentially like iron added and retained simulations. Note: since the Gnanadesikan et al. (2003) The carbon export during the fertilization period is taken by them to be representative of the initial iron addition. The results from our simulations that we show below are based on our original definitions in (1) and (2). Figure 11c and d show the ratio of our 1200x iron added and lost scenario to our standard 1200x scenario for the physical-chemical response function and our biogeochemical efficiency. Figure 12 shows the efficiency of iron retention in the standard 1200x scenario. At the end of 100 years, ∼60% of the added iron is still in the ocean, whereas in the iron added and lost scenario, only the most recently added iron is present. Figure 11c shows that our iron added and lost simulations have almost the same physical-chemical response function as the standard 1200x simulations at all the sites. The EqPac site is a little high because the iron added and lost simulation does not have as much denitrification as the standard 1200x scenario. The biogeochemical efficiency ratios in Fig. 11d confirm that it is the continued ability of retained iron to maintain the flux of carbon out of the surface at a high level that is principally responsible for the much higher efficiency of the standard 1200x scenario over the iron added and removed scenario. Indeed, the EqPac site has 1/20th as much CO 2 removal from the atmosphere in the iron added and removed simulation than in the standard 1200x scenario, which is consistent with the difference that Gnanadesikan et al. (2003) saw in their simulations. Jin et al. (2008) suggest in their analysis that at least part of the difference in the two model simulations of Gnanadesikan et al. (2003) appears to be due to an inadvertent effect of the way they designed their models, in which the iron added and retained scenario is actually removing carbon from the entire euphotic zone, whereas the iron added and removed scenario is removing carbon only from the base of the euphotic zone, but our results support Gnanadesikan et al. (2003) in their suggestion that most of the effect is due to the assumptions that were made regarding the role of iron cycling (i.e., whether iron is added and removed versus whether it is added and retained).
Alternate growth formulation
One of the limitations of this model's formulation of iron limitation of phytoplankton growth was the need to utilize elevated values of the maximum growth rate P C max (see Supplementary Material) compared to observations of phytoplankton growth under ideal conditions. In order to examine how the results might change with a more realistic maximum growth rate, we carried out sensitivity studies using a Liebig formulation for the dependence of phytoplankton growth rate on the chlorophyll to carbon ratio (see Supplementary Material) and lower maximum zero-temperature-normalized growth rates of 0.98 d −1 as observed in the SEEDS experiment for Chaetoceros debilis (Tsuda et al., 2003) . This modification resulted in only a modest 1-2% change in the iron fertilization CO 2 uptake relative to the base formulation. 
Amount of iron added
The per unit area iron flux of 0.02 mmol m 2 yr −1 in the standard 1200x simulation was chosen by Dutkiewicz et al. (2006) as representative of the background aeolian flux in their model, which ranges from a low of 0.001 to 0.5 mmol m −2 yr −1 . In none of the 1200x simulations was this aeolian flux sufficient to bring the iron concentration even close to the half-saturation constant of 0.3 µmol m −3 for uptake of iron by large phytoplankton, which dominate iron fertilized blooms ( Fig. 13a to d) ; nor was it sufficient to deplete surface nutrients even at the time of the nutrient minimum (see Fig. 13e to h). We carried out sensitivity studies with 1, 5, 10, 100, and 1000 times as much iron flux as in the 1200x control simulation (which we refer to as 1200x, 1200x-5, 1200x-10, 1200x-100, 1200x-1000 respectively) in order to determine how far we could go towards depleting the nutrients before something else became limiting. As we see in Fig. 13a to d, it is only in the 1200x-100 scenario (off scale in the figure) that the iron concentration climbs well above the large phytoplankton half saturation constant, but three of the four sites are nearly depleted in nitrate by the time the iron flux is increased by only 5 times the 1200x case, and the Southern Ocean becomes depleted with an iron flux that is somewhere between 10 and 100 times the 1200x case ( Fig. 13e to h) . Note, however, that, except at the Equatorial Pacific site, and to a lesser extent at the PAPA site, this depletion of nutrients can only be accomplished at the time of the nutrient minimum. Because of the seasonality of the light supply and mixed layer depth, the nutrient concentration at the time of the nutrient maximum at the other sites is almost unaffected by the iron flux.
The ability of our model to completely draw down nitrate during the summertime nutrient minimum in the Southern Ocean is in contradiction to the similar analyses of Mongin et al. (2007) , and Aumont and Bopp (2006) , in both of which cases the model became light limited. Dutkiewicz et al. (2006) also find greater light sensitivity than iron sensitivity in their model. The differences between all these models are complex and subtle. What we can say about our model is that it has a relatively high half-saturation constant for the dependence of large phytoplankton (which dominate iron fertilized blooms) on iron, 0.3 µmol m −3 . This means that our model will in general be more sensitive to additional iron. Moreover, in our model the sensitivity to light is itself dependent on iron because additional iron allows for more chlorophyll synthesis, which greatly lowers the light sensitivity under iron replete conditions. For example, the half-saturation light level at the Southern Ocean site is only ∼3 W m −2 for iron-replete conditions as compared with the fixed value of 20 W m −2 used by Dutkiewicz et al. (2006) (though for iron concentrations of 0.1 µmol m −3 our halfsaturation light level is closer to 12 W m −2 ). The treatment of iron-light colimitation in many models such as those of Mongin et al. (2007) gives increased limitation under conditions of increased growth rate. As discussed in Galbraith et al. (2010) , this behavior is common in current model formulations, particularly ones where only the impacts of iron concentration on growth rates are modeled. In fact, observational studies such as those of Hiscock et al. (2008) show that quantum yield and chlorophyll to carbon ratio also increase under iron fertilization. As noted by Galbraith et al. (2010) only more detailed observational studies that parse out different phytoplankton physiological responses can properly constrain which models are most correct.
An additional factor that plays a role in how light affects the model response to relief of iron stress is the thickness of the mixed layer during the growing season and its influence on the average irradiation that phytoplankton experience within the mixed layer. As previously noted, our mixed layer depths are in reasonable agreement with observational estimates at three of our four sites, but not at the Southern Ocean site. As Fig. 4c shows, the summertime mixed layer thickness at our Southern Ocean site is ∼25 to 50 m, where the Dong et al. (2008) Argo float observations give a depth range of ∼50 to 100 m, i.e., 25 to 50 m deeper. In the 1-D model study of Mongin et al. (2007) , the nitrate drawdown in response to iron fertilization was much greater when they reduced the wind stress forcing and their summertime mixed layer shallowed by ∼50 m from the 50 to 100 m range to less than 25 m. However, even this shallowing was insufficient to cause nitrate to become depleted in response to iron fertilization in their model. While we believe that the principal reason our model is able to deplete nutrients during the growing season is because of the way iron-light colimitation is modeled, the influence of mixed layer depth on the response clearly merits further study.
Although a full discussion of the dynamics of the prototype TOPAZ ecosystem model is beyond the scope of this paper, we do show here a few additional relevant results from the phytoplankton and Si-system response to increased iron supply. Figure 14 shows the response of chlorophyll and the three types of phytoplankton in the model. We see that small phytoplankton respond to additional iron with increased concentration in the 1200x case, but then begin to decrease in the 1200x-5 and 1200x-10 simulations as nitrate concentrations drop off. Large phytoplankton are able to keep increasing their concentrations with higher iron additions until the 1200x-100 to 1200x-1000 cases by blooming during periods when nitrate is still present, which is earlier in the year in the high latitude sites and in July to September in the Equatorial Pacific, site. The exception to this is the Ross Sea, where the early bloom does not develop due to the deep wintertime mixed layer and low irradiance (Fig. 3d) , as a consequence of which large phytoplankton drop off slightly at 1200x-10, and even more so as greater amounts of iron are added and nitrate concentrations get extremely low during the period when light is present. Diazotrophs are not limited by the fixed nitrogen supply and thus continue to increase at all sites as more and more iron is added. Interestingly, phosphate does not become limiting to diazotrophs, or phytoplankton in general, except during the middle of the growing season at the Southern Ocean site (not shown).
The role of silicic acid in the response of the large phytoplankton to iron addition is of considerable interest because of the important role that diatoms play in the blooms that follow iron additions. As shown in the Supplementary Material, the rate of uptake of silicic acid by large phytoplankton is a complex function of a hyperbolic silicic acid limitation term with a half saturation constant of 5 mmol m −3 , the minimum of the hyperbolic fixed nitrogen, phosphate, and iron limitation terms, a Si:N ratio that varies between 0.2 and 5.0 as a function of the silicic acid limitation term, and a maximum growth rate that itself is a function of the minimum of the fixed nitrogen, phosphate, and silicic acid limitation terms. We show in Fig. 15a to d the model predicted silicic acid concentration, and in Fig. 15e to h, the model predicted Si:N molar uptake ratio by large phytoplankton.
We consider first the silicic acid concentrations shown in Fig. 15a to d . Both the PAPA and Equatorial Pacific sites have very low silicic acid concentrations that get lower and lower with increasing iron additions until large phytoplankton begin to suffer from nitrogen limitation, at which point the silicic acid concentration increases slightly. The Ross Sea site has much higher silicic acid concentrations, but its response to iron addition during the time when photosynthesis can occur is similar, with silicic acid concentrations dropping with additional iron in the 1200x and 1200x-5 cases, as long as nitrate is present, but then increasing in the 1200x-10 and higher cases as nitrate concentrations become extremely low. As regards the Southern Ocean site, both of the natural fertilization studies at Kerguelen and Crozet show silicic acid dropping to extremely low concentrations during the growth season: <2 mmol m −3 at Crozet, and 1-2 mmol m 3 at Kerguelen (Pollard et al., 2009; and Blain et al., 2007, respectively) , by which time they are limiting to diatom growth. Our simulations of silicic acid at the Southern Ocean site get close to but not quite this low (Fig. 15c) , nor do our models experience significant silicic acid limitation before nitrate (and phosphate) limitation kick in and prevent silicic acid concentrations from dropping to the point where they become limiting. The Si:N uptake ratios shown in Fig. 15e to h drop at all sites as iron stress is relieved, but then begin to increase again at higher iron concentrations when nitrate becomes limiting. This reduction in the Si:N uptake ratio with increased iron supply is one of the factors that prevents the silicic acid from becoming limiting in our model.
As would be expected, surface DIC concentrations initially drop as additional iron is added at all sites (Fig. 15i  to l) . However, this effect saturates at 1200x-100 at the two Southern Ocean sites, with 1200x-1000 being virtually identical. Furthermore, at the equatorial and North Pacific sites, high iron levels lead to increased surface DIC concentrations, possibly reflecting the release of sequestered carbon at depth during wintertime months. Such nonlinear responses to iron fertilization demonstrate the difficulty of scaling the C:Fe flux response from small-scale fertilization experiments up to conclusions about global-scale responses to iron fertilization.
Regional iron stress relief
We were curious to know how much CO 2 would be removed from the atmosphere by our model if iron stress were relieved over large regions such as those given in Column 1 of Table 1 . Except in the North Atlantic, and to a lesser extent in the tropics, the results of the set of such simulations summarized in column 3 of Table 1 are quite similar to the KVHISOUTH year-around nutrient depletion simulations shown in column 2. This result is perhaps a bit surprising given that our patch scale simulations with increasing amounts of iron addition demonstrate that nutrient depletion is possible only during periods of adequate irradiance, which is year around in the Equatorial Pacific, but only about half the year at the other three sites (Fig. 13e, g, and h ). Previous work by Marinov (2005) showed that nutrient depletion for 3 summer months in the Southern Ocean south of 30˚S gave only about twothirds of the CO 2 response as a model simulation with year around depletion as in our KVHISOUTH simulations. A more detailed analysis of this interesting result is beyond the scope of this paper, but we note the following: (1) the Marinov (2005) seasonal nutrient depletion sensitivity studies depleted nutrients for only 3 months of the year. Our simulations give nutrient depletion for 6 or more months of the year, which may be sufficient to lift the response above the twothirds level of Marinov's 3-month nutrient depletion period. (2) Except for the North Atlantic case, the global mean reduction in nutrients resulting from each fertilization scenario is very similar in the two sets of simulations shown in Table 1. Possible contributors to this are that the KVHISOUTH scenarios are damped towards observed nutrients outside the nutrient depletion zone, which means that the reduced nutrients in the depletion zone are quickly allowed to grow back in outside the fertilization zone. Also, the 30-day damping time scale of the KVHISOUTH nutrient depletion scenarios is long enough to allow wintertime nutrient concentrations to rise somewhat in response to deep mixing.
Conclusions
We emphasize the following results from our study:
1. As regards the atmospheric CO 2 uptake efficiency (cumulative CO 2 uptake divided by cumulative iron addition), our model shows a large response to iron addition at all four of our sites if iron is added for one month per year during the growing season. The atmospheric CO 2 uptake efficiency is by far highest at the Ross Sea site, with the Southern Ocean responding at about half the efficiency, and the PAPA and Equatorial Pacific trailing behind. Our results are thus consistent with the findings from the regional nutrient depletion simulations summarized in Table 1 . Judging from our own continuous fertilization 1200x scenario, where the Ross Sea efficiency drops drastically, part of the reason Dutkiewicz et al. (2006) found maximum efficiency in the tropics and minimum efficiency in the Southern Ocean region is because they added iron year round, including during the wintertime when the iron can get transported out of the surface without affecting biological export production. Another reason is because their phytoplankton maximum growth rate is more limited by light and less sensitive to iron as discussed in Sect. 4.2.4.
The Ross Sea stands out above all other locations as a place where once atmospheric CO 2 is sequestered, it tends to stay sequestered over at least a century time scale ( Fig. 8e and f) . It also has a high physicalchemical efficiency ( Fig. 9d and e) due primarily to the prevention of degassing of excess CO 2 through the ice in wintertime (Fig. 10) , and the sequestration of much of the excess CO 2 in the deep and bottom waters of the ocean (Fig. 6p) . Because the Ross Sea site is well south of the biogeochemical divide defined by Marinov et al. (2006) , removal of nutrients at this location would have a less deleterious effect on low latitude biological productivity than the Southern Ocean site. On the other hand, the local effects on biological production and the reduction in deep oxygen that then spreads as a tongue into the Pacific Ocean are major undesirable side effects ( Fig. 6 and 7) , and the issue of verification of the CO 2 uptake is at least as serious here as anywhere else.
The Equatorial Pacific and PAPA sites are less efficient as sites for atmospheric CO 2 sequestration. The Equatorial Pacific site is highly unfavorable because of the huge negative impact that fertilization at this site may have on the nitrate inventory and thus on global biological productivity.
2. We examined whether additional iron could lead to depletion of nutrients during at least part of the year and found that all the stations can be driven to zero nitrate in the summertime, but only the Equatorial Pacific can be driven to zero mean nitrate year around (Fig. 13) . In fact, in the Southern Ocean and Ross Sea, we found that wintertime light limitation causes the nutrient concentration to recover all the way to its normal wintertime maximum even in the highest iron flux case, testifying to the effectiveness of the circulation in returning nutrients to the surface in these two regions. Other model studies do not show the same ability to draw down nitrate to zero in the summertime that our model does, which we argued in Sect. 4.2.4 is due primarily to how iron-light colimitation is represented in the models, although the shallow mixed layer in our Southern Ocean simulation (Fig. 4c ) may also contribute to our simulation suffering less from light limitation.
3. The back flux of CO 2 from the ocean when a realistic atmospheric reservoir is included is substantial (Fig. 11a and Table 6 ; cf. Gnanadesikan et al., 2003) . We strongly recommend that this effect should be taken into account when comparing various CO 2 sequestration scenarios with each other, particularly as it is sensitive to the time period of the sequestration. By the 100th year of the 1200x simulation, half of the CO 2 that is absorbed by the model with no atmospheric reservoir is lost back to the atmosphere in the model with a realistic atmospheric reservoir. In the case of the 1x simulation, the escape of sequestered carbon due to this effect is of order 70% and greater.
4. When the iron added to the ocean follows the same behavior as the background "natural" iron cycle, as in our standard iron fertilization simulations, it is retained in the ocean for a long period of time ( Fig. 12 ) and continues to play a role in boosting the biological productivity (as illustrated by the contrast with the simulation where iron was added then lost, Fig. 11d ) and maintaining lower surface nutrient concentrations. By contrast, the physical-chemical efficiency is insensitive to whether the iron is retained or lost (Fig. 11c) .
Additional findings which were already covered by the studies of Gnanadesikan et al. (2003) and Matsumoto (2006) include the difficulty of detecting the air-sea flux of CO 2 across the air-sea interface, a topic we have not investigated further here as we have nothing new to add; the negative impacts of the fertilization on downstream biological productivity, which we have discussed but not emphasized; and the extraordinarily low efficiency of iron fertilization in removing CO 2 from the atmosphere in an iron added and then lost scenario which is intended to mimic the comparable scenario in Gnanadesikan et al. (2003) and Matsumoto (2006) . Our model behaves much more like the high efficiency scenarios of macronutrient addition, which Gnanadesikan et al. (2003) claimed was analogous to an iron added and retained scenario. Based on our model simulations, we would suggest the following as important unknowns that will have a major impact on predictions of the CO 2 removal that results from iron fertilization:
1. Processes that determine the physical-chemical efficiency:
(a) The locations at which the excess CO 2 removed by fertilization is stored in the ocean. This is governed not just by the poorly known remineralization length scale, but also by the subsequent transport of the water masses in which the remineralization occurs. As noted earlier, the Ross Sea site has particularly high fertilization efficiency due in part to the fact that much of the remineralization occurs in waters that subsequently sink into the deep ocean.
(b) The role of a wintertime ice cover in preventing escape of excess CO 2 trapped during the summertime growing season.
(c) The return flux of CO 2 that occurs in models with a realistic atmospheric reservoir where CO 2 drops below where it would otherwise be in response to the iron fertilization. This return flux will be sensitive to the actual concentration of CO 2 in the atmosphere and the corresponding oceanic buffer capacity.
2. Processes that determine the biogeochemical response function:
(a) The co-dependence of light and iron and how different formulations of this co-dependence affect the response of ecosystem models to changes in the iron supply. A model comparison study and associated experimental work would be very useful in helping to set up a standard set of simulations that would highlight critical responses of the models and test and improve them.
(b) The long-term fate of the added iron, which has a major impact on the biogeochemical response function (Fig. 11d) . This represents an important uncertainty in current models of the iron cycle, which vary substantially in the rates of input and removal of bioavailable iron.
(c) What controls the size of the eastern tropical denitrification regions in models, which is too large in our model as well as in all of the other models we have examined, and which causes the tropics to be the worst location for iron fertilization in this study.
(d) How the air-sea balance of CO 2 is associated with changes in the inventory of remineralized nutrients in the ocean. We have had success in analyzing this link for large-scale macronutrient depletion simulations (cf., Marinov et al., 2008; Gnanadesikan and Marinov, 2008) , but this has not been done as yet for patch scale iron fertilization simulations.
